Large, rounded idioblasts were observed in adaxial leaves of mulberry plants ; they were clearly distinguishable from epidermal, trichome and parenchyma cells. The size and density of idioblasts varied according to leaf age. Cytological features of idioblasts were as follows : the outermost region (' cap ') of idioblasts was situated on the adaxial surface as a dome-like protrusion ; a cylindrical protuberance extended from the cap region to the inner part of the idioblast ; in idioblasts from mature leaves a crystal mass was suspended from the lower tip of the cylindrical protuberance. Elemental analysis of idioblasts demonstrated that silicon (Si) was localized in both the cap region and the cylindrical protuberance but calcium (Ca) was present in the large crystal, indicating site-specific cellular localization of Ca and Si within an idioblast. Histochemical assays showed that a distinct Ca crystal filled the vacuoles of idioblasts in mature leaves, while immature leaves had many idioblasts without Ca deposition. The increase in the Ca content of leaves was directly proportional to the increase in leaf age and appeared to be closely related to the Ca sink capacity of the developing idioblast vacuoles. The maximum sink capacity was quantified to be approximately 40 ng per idioblast when mulberry plants were grown hydroponically with excess Ca.
INTRODUCTION
Calcium (Ca) is an essential and major plant nutrient. It is required in its ionic form (1) extracellularly, for a variety of structural roles, (2) as a cytoplasmic secondary messenger, linking a range of external stimuli to their physiological responses, and (3) as a counterion for inorganic anions, forming crystals such as calcium oxalate and calcium carbonate in the vacuole of specialized cells known as idioblasts (Marschner, 1995) . Focusing on Ca crystal formation, there have been numerous studies on the role of Ca# + as a counterion for oxalate in many plant species (Franceschi and Horner, 1980) . Oxalic acid is formed via metabolic pathways of carbohydrate and triacylglycerol synthesis. Calcium oxalate formation in idioblasts may function as a means of removing oxalate, which might otherwise accumulate in toxic quantities, and contribute to maintaining an ionic equilibrium. Arnott and Pautard (1970) suggested that Ca oxalate may provide a reserve of Ca, and exchange between soluble and insoluble Ca pools could be normal. This reversible nature of Ca supports the idea that idioblasts provide a mechanism for the regulation of Ca# + levels in plant organs and tissues. In fact, Ca oxalate levels within these cells can be increased or decreased in response to changes in Ca# + concentration in † For correspondence. Fax j81 75 7760, e-mail sugimura!ipc.kit.ac.jp the growth medium (Franceschi, 1989) . In addition, recent data demonstrating the accumulation of extracellular pathogenesis-related proteins within idioblast vacuoles indicate that these cells may sort proteins in a unique, cellspecific manner, and may also play a role in defence against pathogens (Dixon, Cutt and Klessig, 1991) . On the basis of these studies, it appears that crystal idioblasts play an important roll in Ca metabolism and the pathogen-defence mechanism.
Although extensive studies have been made on Ca crystal formation in relation to oxalate synthesis, little attention has been paid to Ca carbonate-forming idioblasts. The bestknown calcium carbonate formations are the cystoliths, which have been found in leaves of Acanthaceae, Cucurbitaceae, Moraceae and Urticaceae (Esau, 1965) . Of the Moraceae family, mulberry (Morus spp.), which is a woody feed crop for silkworms (Bombyx mori), develops cystolith-containing idioblasts in the adaxial leaves (Katsumata, 1971) . Cystolith morphology differs among mulberry varieties ; this might be useful as a criterion for varietal classification. Besides the morphological studies on mulberry idioblasts and crystals, there is no information available concerning the physiological significance of Ca carbonate formation in idioblasts. Surmising the Ca crystal formation is not an end result process, it is thought that mulberry idioblasts are physiologically active in the regulation of Ca, carbonic and bicarbonic ions.
Recently, a variable-pressure SEM (VP-SEM) was de- veloped, with which stereoscopic observation of fresh living cells can be realized Wada, 1995, 1996) . No specimen preparation is required for observation by VP-SEM, even when biological material with a high water content is used. VP-SEM in combination with an energy dispersive X-ray analysis system (EDX) may be useful for in situ analysis of the elemental distribution in living idioblasts at the cellular level.
In this paper we describe the morphological features of mulberry idioblasts with elemental analysis by VP-SEM equipped with EDX, and investigate the relationship between Ca content of mulberry leaves, leaf maturity and the development of idioblasts in relation to the Ca sink capacity per idioblast.
MATERIALS AND METHODS

Plant materials
Mulberry plants (Morus alba L. ' Minamisakari ') grown in our experimental farm (Kyoto, Japan) for 7 years were used in this study. Elongated branches were harvested in early July and October 1997. A branch harvested in July had 42 expanded leaves in total, while the branch harvested in October had 63. All leaves were numbered consecutively from the top leaf and used for observation of idioblast morphology, histochemical detection of Ca and measurement of Ca content in leaves. For VP-SEM observation, newly-developed shoots, which had eight fully-expanded leaves in total, were harvested in May 1998 and the sixth leaf from top was selected. Mulberry seedlings were grown hydroponically under outdoor conditions for 2n5 months from the end of July to early October 1997. The nutritional medium consisted of (per l tap water) : 47n23 mg Ca(NO $ )
and 37n7 mg Fe-EDTA. Taking into account Ca contamination of tap water, the actual concentration of Ca supplied was estimated to be 0n5 m. The harvested shoots (17-25 cm in length) had 21-22 expanded leaves in total.
Leaf preparation for microscopy
For light microscopic observation, small pieces of leaves were fixed in 3 % para-formaldehyde buffered with 50 m phosphate buffer (pH 7n0), and dehydrated in a graded alcohol series. The specimens were then embedded in LR White resin (London Resin Co., Ltd.) and polymerized for 24 h at 60 mC. Semi-thin sections were cut using a glass knife, and stained with 0n05 % toluidine blue.
For conventional SEM observation, small leaf segments were fixed in 2n7 % glutaraldehyde for 3 h at 4 mC. After dehydration with acetone, the specimens were critical point dried with liquid CO # , sputter-coated with gold, and viewed with a Hitachi SEM at an acceleration voltage of 25 KV. For VP-SEM observation, small pieces of the leaf were introduced to the specimen chamber of VP-SEM. The chamber pressure was controlled at 30 Pa. The temperature of the specimen state was set at k10 mC. Under these conditions, specimens were not frozen and water vaporization from the tissues was minimal (Kuboki and Wada, 1995) . VP-SEM was performed at an acceleration voltage of 15 KV using a Hitachi S-3500N Natural SEM (Hitachi Co. Ltd., Japan), equipped with an EDX system (Horiba EMAX-7000, Horiba Co. Ltd., Japan).
Histochemical detection of calcium carbonate
Small leaf tissues fixed with 3 % para-formaldehyde were immersed in 2n7 m EDTA for 30 min, and then warmed in methanol at 50 mC to remove pigments. For Ca carbonate detection, specimens were sequentially treated with 0n5% AgNO $ , 0n5 % Amidol and 1n0 % sodium thiosulphate (Gahan, 1984) .
Measurement of calcium content
The collected leaves were dried at 80 mC overnight, and then ground with a mortar and pestle. The powder was then ashed in an electric furnace controlled at 450 mC, and solubilized with 1 HCl containing 10 m strontium chloride. Solutions were appropriately diluted with distilled water and Ca was measured by polarized zeeman atomic absorption spectrophotometry (Hitachi Z-6100).
RESULTS
Morphology of idioblasts in mulberry lea es
Adaxial surfaces of mulberry leaves at two stages of leaf development were viewed under conventional SEM. Transverse sections of these leaves were also observed by light microscopy.
Upper lea es. Smooth, closely-spaced, dome-like protrusions surrounded by epidermal cells were observed on the adaxial surface (Figs 1 and 2 ). Dome size ranged from 12 to 35 µm. Occasionally, dome-like structures with small hooks could be seen (Fig. 3) . From light microscopic observation of transverse sections, the dome-like structures were identified as the outermost region (' cap ') of idioblasts. There were various developing idioblasts in each section, as shown in Fig. 4 . The diameter of the rounded idioblast was about 40 µm. A cylindrical protuberance extended from the cap region to the inner part of idioblast. However, no definite crystal was observed within the idioblasts (compare Fig. 8 ). In addition, bulbous stalked trichomes were frequently seen on the upper surface of these leaves (Figs 5 and 6).
Lower lea es. The spacing of idioblasts in lower leaves was less dense than in upper leaves, as indicated by microscopic observation of the dome-like structures on the adaxial surface (Fig. 7, compare Fig. 1) . In contrast to upper leaves, dome morphology on lower leaves was more uniform with an average diameter of 20-25 µm. The vacuole of fully developed idioblasts contained a large amorphous crystal suspended from the lower tip of a cylindrical protuberance extending from the idioblast cap (Fig. 8) .
Using idioblasts with a cylindrical protuberance in serial sections, the equatorial diameters of rounded idioblasts were measured. Compared to idioblasts found within the upper leaves, idioblasts within lower leaves were approx. 2n5-fold larger in diameter. There were no bulbous hairs on these older leaf surfaces.
Elemental distribution in an idioblast
Elemental analysis of the adaxial leaf surfaces was attempted using VP-SEM equipped with EDX. It was clearly demonstrated that the dome-like structures contained silicon (Si) as a dominant element (Fig. 9) . The peaks of Ca and potassium (K) were detected in its surface at extremely low levels. In contrast, no or only trace amounts of Ca, Si and K were detected on the surfaces of bulbous trichomes and epidermal cells. This result indicates that a substantial amount of Si was specifically deposited in the dome-shaped cap regions of idioblasts, which differed markedly from trichome and epidermal cells in their elemental profile.
Leaves were transversely cut using a razor blade, and the resultant cut-end was observed to assess the idioblast interior. Cut idioblasts revealed the presence of a cylindrical protuberance in the centre of the cap region, which extended further into the idioblast (Fig. 10 A) . A crystal mass consisting of spheroidal grains was attached at the tip of the cylindrical protuberance. These morphological features were consistent with those of mature idioblasts in transverse sections (Fig. 8) . Point analysis of elements in the cut-plane revealed that Si was localized in the cylindrical protuberance, whereas the crystal mass was composed of Ca (Fig. 10 B) . A marked contrast was detected in the sites of deposition of Ca and Si (Fig. 11) , with Si contained in both the cap region and the cylindrical protuberance, while the Ca-containing crystal mass was located in the vacuole of the idioblast.
Histochemical localization of calcium deposition
The pattern of Ca deposition in idioblasts was observed histochemically. Staining of upper leaves revealed that many idioblasts lacked Ca deposits. These unstained idioblasts were small in size (Fig. 12) . In contrast, large idioblasts contained a silver precipitate, indicating the presence of Ca in these expanded cells (Fig. 13) . However, given the uneven staining pattern, Ca did not appear to be uniformly distributed within the vacuoles of idioblasts found in upper leaves (Fig. 12) . In contrast, most idioblasts from leaves in the lowest branch positions were heavily stained by silver (Fig. 13) . Additionally, Ca appeared to be more evenly distributed within these idioblasts, since the silver precipitate occupied the vacuoles of these cells fully (Fig. 13) . As silver precipitates are produced by the reaction with Ca carbonate (Gahan, 1984) , it is evident that mulberry idioblasts are Ca carbonate-forming cells.
Calcium contents of lea es har ested in different seasons
Young branches that had developed by the end of March were harvested in early July and October 1997, respectively. Leaves from these branches were collected, and their length measured to examine the relationship between leaf position and leaf development. Leaf development had almost terminated in the tenth leaf, and no significant increase in leaf length was recorded in lower leaves (Fig. 14 A and E) .
The number of idioblasts in these leaf samples was recorded. A high density of idioblasts was observed in the top leaf, followed by a sharp decrease in idioblast density in leaves at lower positions, reaching an average of 23 idioblasts mm − # in fully mature leaves (Fig. 14 B and F) . The sharp decrease in idioblast density was caused by the expansion of F. 14. Quantitative changes in leaf length, stained idioblasts and Ca content using leaves harvested in July (A-D) and October (E-H), respectively. Increasing leaf position is related to increasing leaf age.
T  1. Quantitati e estimation of Ca sink capacity per idioblast
Leaf position Ca content per idioblast (ng) 3 8 n8p1n5 (n l 6) 11 40n6p6n0 (n l 4) leaf area without increasing the number of idioblasts per leaf. Around 40 % of idioblasts were stained in the top leaf, followed by a linear increase in the percentage stained up to the 20th leaf, with approx. 100 % staining thereafter (Fig.  14 C and G) . The Ca content of these samples was also measured by atomic absorption spectrophotometry. In leaves harvested in July, Ca content increased linearly according to leaf position (Fig. 14 D) . The highest Ca content was recorded in the 41st leaf. However, a different pattern was observed in leaves harvested in October (Fig. 14 H) : a linear increase took place up to the 40th leaf, reaching a plateau thereafter. The Ca content of leaves in this plateau region (leaves 40-63) was more than 5 % of total leaf dry weight.
Based on the pattern of Ca content and the number of stained idioblasts, leaf maturity could be tentatively classified to three stages : stage I, leaves ranged from the top to the 20th leaf ; stage II, leaves ranged from the 21st to the 40th leaf ; stage III, leaves ranged from the 41st to the bottom leaf. The increase in Ca content in stage I leaves may have been due to Ca influx into the unstained idioblasts. Further Ca influx and deposition were brought about in all of the idioblasts during stage II. No increases in Ca deposition were measured in any of the leaves from stage III, indicating that the idioblasts were fully occupied by Ca and had no room for further uptake.
Estimation of Ca content in an idioblast
To estimate Ca sink capacity per idioblast, two factors must be considered. (1) Leaf samples ; to estimate the maximum Ca sink capacity as accurately as possible, mulberry plants were grown hydroponically to ensure they received an excess amount of Ca. Based on the size and the darkness of silver precipitates, the Ca content of mature leaves grown hydroponically was confirmed to be comparable with that of mature leaves grown in soil. (2) Ca distribution within leaf tissues ; as shown in Fig. 11 C, Ca was localized only in the crystals of the idioblasts, with no definitive amounts of Ca detected in other tissues. Therefore, it was assumed that the majority of Ca in a leaf was contained within idioblasts.
Taking these factors into account, the Ca deposition capacity per idioblast could be estimated by dividing Ca content by the number of stained idioblasts. Significant differences in Ca deposition were observed between idioblasts in leaves at different stages of development (Table 1) : the amount of Ca deposition was around 8n8 ng per idioblast in a young leaf, whereas around 40 ng Ca accumulated in an idioblast of a mature leaf. No further increase in Ca concentration per idioblast was observed in the lowest leaf. Therefore, the maximum Ca sink capacity was tentatively estimated to be 40 ng per idioblast. As the minute quantity of Ca which binds with leaf structural components was ignored in this estimation, the maximum Ca sink capacity should be confirmed by additional tests, for example, direct Ca measurement of a crystal mass within an idioblast by Xray microanalysis, and the assay of Ca carbonate s. total Ca content in a leaf.
DISCUSSION
Large, rounded idioblasts were present in the adaxial leaves of mulberry plants ; they were clearly distinguishable from epidermal, trichome and parenchyma cells. The outermost part of the idioblast was situated on the adaxial surface as a dome-shaped protrusion (' cap ' region). A large crystal was suspended from the tip of a cylindrical protuberance extending from the cap region (Figs 8 and 10 A) . Elemental analysis of idioblasts showed that Si was localized in both the cap region and the cylindrical protuberance, whereas Ca was detected in a large crystal (Figs 10 and 11 ). This sitespecific cellular localization of Si and Ca may be unique ; it has not been found in idioblasts of other plant species.
Silica cells in the gramineous epidermis are filled with silica bodies of various shapes (Esau, 1965) . Silica deposited in epidermal cells is considered to have a defensive function against pathogen attacks. Assuming that Si in mulberry idioblasts is similar in form to the gramineous Si, the detected silica may play an important role in strengthening the cell wall in the cap region and minimizing aerial infection by pathogens. Although Ca is contained in a variety of structural components of leaf tissue (e.g. Capectate), no Ca was detected in leaf tissues except for idioblasts under the present conditions (Fig. 11 C) . This implies that mulberry idioblasts accumulate an extensive amount of Ca by forming a cystolith composed of Ca carbonate. This supports previous observations that plants in the Moraceae family develop Ca cystolith-containing idioblasts (Esau, 1965) .
The Ca content of mulberry leaves showed significant variation which correlated with leaf maturity and the development of idioblasts within the aging leaves (Fig. 14) . The question arises as to why there was no or only a small amount of Ca which accumulated in young idioblasts. Plausible explanations are as follows : (1) the machinery of exogenous Ca# + uptake in young idioblasts may not be fully operational due to underdevelopment of the vacuole ; (2) young idioblasts have not had sufficient time to accumulate Ca compared with older idioblasts, even though the Ca sink capacity in the vacuole was well developed.
A continuous Ca# + influx into idioblasts occurred in maturing leaves ; the Ca sink capacity was completely saturated in mature leaves. The maximum Ca sink capacity per idioblast was estimated to be approx. 40 ng when excess Ca# + was supplied to the roots ( Table 1 ), suggesting that Ca carbonate formation provides a means for controlling soluble Ca# + levels within plant tissues. Formation of Ca carbonate crystals in the idioblasts requires carbonate or bicarbonate ions to be supplied by surrounding tissues. The source of carbonate\bicarbonate ions is uncertain, but might be related to CO # uptake for photosynthesis and\or CO # generation from respiration. Further experiments are needed to investigate the reversible regulation of soluble and insoluble Ca forms in relation to leaf aging and photosynthetic activity.
